Since the turn of the century, the paradigm of the marine microbial assemblage being composed primarily of photoautotrophs and chemoheterotrophs is shifting and challenging our understanding of how the microbial diversity contributes to the flow of energy, carbon, and other nutrients in the oceans. In PNAS, Muñoz-Marín et al.
(1) add another piece to the puzzle by demonstrating that natural populations of Prochlorococcus, the smallest and most abundant oxygenic phototroph in the oceans, can take up glucose in nanomolar amounts and has a gene (Pro1404) that codes for a sugar transporter.
Mixotrophy, a combination of modes by which an organism can obtain its energy and carbon, such as the ability to switch between photoautotrophy and chemoheterotrophy, is now being recognized as a larger component of the open ocean microbial assemblage (2, 3) . One important discovery was the existence of planktonic marine bacteria containing proteorhodopsin photoreceptors that are used for their lightharvesting pigments but take up organic carbon (C) for their C needs (4). These mixotrophic bacteria make up a significant percentage (up to 11%) of the microbial community in the euphotic zone (5, 6) . A second discovery was that aerobic anoxygenic phototrophic bacteria (AAnPB) that can grow photoheterotrophically are not limited to benthic or estuarine ecosystems but can account for up to 20% of the bacterial assemblage in the euphotic zone (7). Thirdly, Prochlorococcus was found to assimilate amino acids and dimethylsulfoniopropionate to supplement their nitrogen (N) and sulfur (S) needs, as well as save energy from not biosynthesizing amino acids (8) (9) (10) . This uptake of N-and S-containing organic compounds has been referred to as facultative photoheterotrophy, i.e., the ability to carry out chemoheterotrophy instead of strict photoautotrophy (11) . However, there was no evidence that Prochlorococcus was actually obtaining energy or C from the organic compounds, like many freshwater and filamentous cyanobacteria (12), primarily because no one had tested Prochlorococcus for the uptake of organic C compounds that were lacking other essential nutrients like N or S. Therefore, it was very exciting when Gómez-Baena et al. (13) to the activity of contaminating chemoheterotrophic bacteria. In addition, the authors found that glucose addition increases expression of several glucose-utilization genes, such as genes encoding for glucose-6-phosphate dehydrogenase (EC 1.1.1.49) and for 6-phosphogluconate dehydrogenase (EC 1.1.1.44) (13) . The up-regulation of these two genes is not entirely surprising because they are both enzymes involved in metabolism of glucose within the pentose phosphate pathway (14) , something that Prochlorococcus could do as part of its regular respiration of stored C rather than metabolism of exogenous glucose. Gómez-Baena et al. (13) also observed an increase in expression of gene Pro1404 encoding for a putative melibiose/sodium symporter (melB), implying that Prochlorococcus has the ability to transport sugar, consistent with the [ 14 C]glucose uptake experiments. However, up-regulation of a putative gene does not definitively determine its function.
Constructing a Mixotroph for Studying Glucose Uptake
To explore whether Pro1404 is involved in glucose uptake, Muñoz-Marín et al.
(1) created a recombinant of Pro1404 gene from Prochlorococcus strain SS120 in Synechococcus elongatus PCC 7942, a strain of cyanobacteria that is known to not take up exogenous glucose. The authors then measured glucose uptake in this recombinant strain and found it could now take up [
14 C]glucose, strongly implying that this putative melibiose/sodium symporter can be used for glucose uptake in Prochlorococcus. Because Pro1404 is found in the genomes of all strains of Prochlorococcus that have been sequenced (15, 16) , the authors point out the likelihood that all strains of Prochlorococcus, both high lightadapted ecotypes and low light-adapted ecotypes, can use Pro1404 for glucose uptake. Muñoz-Marín et al.
(1) also examined the specificity of Pro1404 by carrying out sugar competition studies with the recombinant S. elongatus PCC7942 and found that this Pro1404-encoded transporter prefers glucose but can also transport to a lesser extent other sugars, such as sucrose. Thus, Pro1404 is a likely sugar transporter involved in uptake of glucose and possibly other sugars by Prochlorococcus, which, in turn, strongly supports the idea that Prochlorococcus may be a photoautotroph that can carry out some amount of chemoheterotrophy. To better understand the activity and regulation of glucose uptake by natural populations of Prochlorococcus, Pro1404 mRNA can be examined in metatranscriptomic studies.
Multiphasic Uptake Kinetics for Glucose
Not only did Muñoz-Marín et al.
(1) measure [ 14 C]glucose uptake of the Pro1404-encoded transporter in the recombinant S. elongatus PCC7942, but they also characterized the uptake kinetics of the transporter across a range of glucose concentrations from 0.01 to 20 μM. Interestingly, the Pro1404-encoded sugar transporter exhibited multiphasic uptake kinetics, i.e., having low-affinity and high-affinity phases. This has not been observed before for sugar transport in cyanobacteria but has been observed in other oligotrophic marine bacteria (17, 18) characterized the uptake kinetics for Prochlorococcus SS120 and found that it also exhibited multiphasic kinetics. Furthermore, they estimated the MichaelisMenton affinity constants and found that the high-affinity K s value (123 nM) and the low-affinity K s (0.9 μM) were the same for uptake in cultures of Prochlorococcus SS120 and for the Pro1404-encoded transporter in the recombinant S. elongatus PCC7942, adding further support to the role of Pro1404 gene in glucose uptake. Another marine cyanobacterium, Synechococcus sp. WH7803, which contains Pro1404 gene (16) , was also tested by Muñoz-Marín et al. (1) and found to exhibit multiphasic uptake kinetics similar to that observed for Prochlorococcus, although with 10-fold lower uptake rates. Interestingly, the high-affinity K s of Prochlorococcus SS120 and Synechococcus sp. WH7803 are significantly lower than that determined for some freshwater cyanobacteria (19) but close to the high-affinity K s values observed for oligotrophic marine bacteria (18), consistent with the Pro1404 being a sugar transporter for Prochlorococcus and Synechococcus in the oligotrophic oceans where glucose is typically in nM concentrations (20, 21) .
Multiphasic transporter proteins are not very common, as Muñoz-Marín et al.
(1) point out, having been found only for potassium and nitrate transporters in plants. The multiphase uptake kinetics in oligotrophic marine bacteria was not shown to be attributable to a single transporter (17, 18) . However, it is tempting to speculate, as Muñoz-Marín et al.
(1) do, that having a multiphasic transporter in oligotrophic marine microbes makes sense in an environment that has low concentrations of dissolved organic material with occasional, localized spikes (18, 22) , so that the cell can rapidly adapt and not spend energy making new proteins. One might expect this strategy to be widespread in the minimal genome of Prochlorococcus (23) . However, the high-affinity P-uptake system, PstSABC, the only other uptake system in Prochlorococcus that has been characterized, did not show multiphasic uptake kinetics (24) , so more physiological characterization of uptake systems and transporters is needed to determine how common this feature might be in Prochlorococcus, other cyanobacteria, and oligotrophic bacteria.
Measuring Glucose Uptake in Natural Populations of Prochlorococcus
The culture-based genetics and physiological studies by Muñoz-Marín et al. (1) are strong evidence that Prochlorococcus can assimilate exogenous glucose. However, the question still remains as to whether the rate of uptake is enough to actually provide energy or C for growth or metabolic maintenance. Muñoz-Marín et al. (1) have been able to start answering this question when they measured glucose uptake in natural populations of Prochlorococcus at three different stations along the Atlantic Meridional Transect 21. Prochlorococcus cells were separated from other bacteria using a sorting flow cytometer and found to assimilate glucose at low but measurable rates that contributed 3% to the total bacterioplankton glucose uptake (1). The cell specific glucose uptake rates were calculated and found to be ∼16% of the CO 2 fixation rate measured 3 y previously (25) for Prochlorococcus populations in a similar region of the Atlantic Ocean (unfortunately, CO 2 fixation rates were not measured on the same samples that Muñoz-Marín et al. used). Although this is certainly a rough estimate, it appears that glucose uptake may actually contribute a nonnegligible amount of C for Prochlorococcus, providing a stronger basis for viewing Prochlorococcus as a mixotroph that can carry out photoheterotrophy or chemoheterotrophy.
There are many next steps required to fully understanding the role of chemoheterotrophic C assimilation in Prochlorococcus. It will be important to directly measure where the organic C may be incorporated within the cell; to determine whether or not Prochlorococcus can assimilate organic C in the light as a facultative photoheterotroph or in the dark or when photosynthesis is inhibited with 3-(3,4-dichlorophenyl)-1,1-dimethylurea as a facultative chemoheterotroph (11); and to work out the regulation of glucose uptake in Prochlorococcus and the conditions it occurs in the wild. The paper by Muñoz-Marín et al. (1) is an important step forward in understanding the possible mode of mixotrophy within a dominant photoautotroph of the marine microbial assemblage.
